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Abstract
Background: The dramatic consequences of stroke on patient autonomy in daily living activities urged the need
for new reliable therapeutic strategies. Recently, bimanual training has emerged as a promising tool to improve the
functional recovery of upper-limbs in stroke patients. However, who could benefit from bimanual therapy and how
it could be used as a part of a more complete rehabilitation protocol remain largely unknown. A possible reason
explaining this situation is that coupling and symmetry-breaking mechanisms, two fundamental principles
governing bimanual behaviour, have been largely under-explored in both research and rehabilitation in stroke.
Discussion: Bimanual coordination emerges as an active, task-specific assembling process where the limbs are
constrained to act as a single unit by virtue of mutual coupling. Consequently, exploring, assessing, re-establishing
and exploiting functional bimanual synergies following stroke, require moving beyond the classical characterization
of performance of each limb in separate and isolated fashion, to study coupling signatures at both neural and
behavioural levels. Grounded on the conceptual framework of the dynamic system approach to bimanual
coordination, we debated on two main assumptions: 1) stroke-induced impairment of bimanual coordination
might be anticipated/understood by comparing, in join protocols, changes in coupling strength and asymmetry of
bimanual discrete movements observed in healthy people and those observed in stroke; 2) understanding/
predicting behavioural manifestations of decrease in bimanual coupling strength and/or increase in interlimb
asymmetry might constitute an operational prerequisite to adapt therapy and better target training at the specific
needs of each patient. We believe that these statements draw new directions for experimental and clinical studies
and contribute in promoting bimanual training as an efficient and adequate tool to facilitate the paretic upper-
limb recovery and to restore spontaneous bimanual synergies.
Summary: Since bimanual control deficits have scarcely been systematically investigated, the eventual benefits of
bimanual coordination practice in stroke rehabilitation remains poorly understood. In the present paper we argued
that a better understanding of coupling and symmetry-breaking mechanisms in both the undamaged and stroke-
lesioned neuro-behavioral system should provide a better understanding of stroke-related alterations of bimanual
synergies, and help clinicians to adapt therapy in order to maximize rehabilitation benefits.
Background
Stroke is a major cause of functional disabilities and
decrease in quality of life of people living in industria-
lized countries [1,2]. For instance, it is well established
that mono-hemispheric cerebral vascular accident
(CVA) results, among other diseases, in important
chronic limitations of upper-limb use and manual
dexterity [3,4] even after several months of rehabilitation
[5,6]. In particular, it has been shown that CVA-induced
spasticity [7,8] leads to significant slowing-down of
unimanual movements, alteration of multijoint coordi-
nation [9], decrease in smoothness [10,11] and segmen-
tation (multiple peak velocity) of reaching and grasping
movements [12]. Moreover, diminished dexterity
[13,14], decrease in muscular strength [15] and slowing
[16] have also been observed in the (presumably intact)
ipsi-lesional limb.
As most of our daily living activities require the use of
both hands [17], disruptions of bimanual coordination
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dicap for stroke patients. Thus, re-acquiring bimanual
coordination is essential for making progress toward
autonomy and should constitute a necessary objective
for neuro-rehabilitation of upper-limb extremities [18].
However, in spite of well-identified neuro-physiological
dependencies between limbs (e.g., [19,20]), for a long
time, clinicians considered bimanual coordination as a
simple addition of two uni-manual movements [21,22]
and treated stroke-related alterations of bimanual
synergies as the result of impaired capacities of the
paretic limb. Thus, as noticed by McCombe Waller
and Whitall [18], studies investigating CVA-induced
impairment of bimanual coordination aimed primarily
at analyzing movement kinematics and performance of
the paretic limb (e.g., motor scores, dexterity index,
qualitative functional tests) rather than between-limbs
coordination.
Recently, bimanual movement training (BMT) has
emerged as a complimentary tool in neuro-rehabilitation
of the paretic upper-limb. BMT is a general term which
includes multiple bilateral training techniques all of
them requiring the simultaneous use of both upper-
limbs in rehabilitation (see [23] for a review). Advanced
justifications for BMT were grounded on the three main
arguments: 1) the existence neurally-mediatted depen-
dencies between limbs (see [19] for a review); 2) interhe-
mispheric interactions along with the occurrence of
bimanually triggered activation of similar neural distrib-
uted networks in both hemispheres [24-27]; and 3) evi-
dence of training-related plasticity of the brain (e.g.,
[28-30]). The primary aim of BMT strategies has been
to facilitate and enhance the recovery of the paretic
limb. An additional argument was that bimanual train-
ing is closer than unimanual practice to every day tasks,
which frequently requires coordinated use of both hands
[18]. Accordingly, BMT is expected to maximize func-
tional recovery through re-establishing both paretic limb
control and bimanual control. However, in spite of the
expected benefits, consistent findings regarding BMT’s
functional efficacy are still lacking and contradictory
results have even been identified in the literature
[18,23,26]. Thus, who could benefit from BMT and how
it could be practically used in rehabilitation protocols
remain largely unknown.
McCombe Waller and Whitall [18] suggested that
more randomized controlled trials and neuro-physiologi-
cal studies are still necessary to firmly confirm the effi-
cacy of BMT for functional recovery of upper limb
extremities in stroke patients. They hypothesized that
inconsistent results observed in past studies on biman-
ual training could be attributed to the inadequate
matching of protocols with baseline characteristics of
the patients and the lack of functional assessment,
which includes bimanual coordination tasks. In line with
these statements, we suggest that the inadequate match-
ing of BMT protocols with severity level of CVA lesions
resulted mainly from: 1) the lack of evidence on how
the mono-hemispheric lesion might perturb neurally-
mediated dependencies between the limbs (which would
alter inter-limb coupling strength, direction and signa-
tures), 2) insufficient use of a variety of task constraints
to account for patients’ differences in neurally-mediated
coupling between-limbs and symmetry breaking
mechanisms. Indeed, quite similar bilateral tasks were
used in all BMT protocols, independently of the specific
characteristics of patients (see [23] for a review).
Numerous studies carried out in the undamaged neuro-
musculo-skeletal system (NMSS) have however demon-
strated that bimanual synergies emerge by virtue of
mutual coupling as an active, task-specific assembling
process where the limbs are spontaneously or intention-
ally constrained to act as a single unit (e.g., [31,32]).
Accordingly, exploring, assessing, re-acquiring and
exploiting functional bimanual synergies following
stroke require, as prerequisite, a deeper understanding
of how the coalition of various constraints (i.e., neural,
muscular, spatial, temporal, attentional,...) may facilitate/
inhibit expressions of bimanual coupling at both neural
and behavioural levels, as a function of the severity of
CVA lesions. So, in order to adequately choose/adapt
the bimanual rehabilitation protocol, one must take into
account two fundamental variables: 1) the persistence
(or not) of bimanual coupling following CVA, 2) the
degree of the lesion-induced interlimb asymmetry. The
degree of alteration of inter-limb coupling would deter-
mine whether the patient-specific BMT strategy should
be directed toward mutual coupling rehabilitation (if
altered) or whether the ipsi-lesional limb could be used
as a “trainer” for the paretic one (via the persisting cou-
pling). On the other hand, the degree of inter-limb
asymmetry would determine how external constraints
(task, environment) should be adapted in order to bal-
ance internal ones (lesion-induced), which will facilitate
both the production of adaptive coordinated behaviour
and the expression of the “positive” entrainment of the
paretic limb by the “healthy” one.
In the present paper, we put the debate on the above
rationale. Inspired by the conceptual framework of the
dynamic system approach to bimanual coordination, we
argue that neuro-behavioural manifestations of stroke-
induced alterations of coupling and between-limb sym-
metry should be the cornerstone of both research and
rehabilitation interventions. Accordingly, we draw two
new directions for future experimental and clinical stu-
dies in the perspective of assessment and rehabilitation
of upper-limbs in stroke patients: 1) behavioural conse-
quences of CVA-induced impairment of bimanual
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explored by comparing, in join protocols, task-induced
changes in coupling strength and asymmetry of biman-
ual discrete movements observed in both healthy people
and stroke patients; 2) intervention protocols elaborated
for restoring spontaneous bimanual coordination pat-
terns that characterize the unimpaired NMSS (or aiming
to exploit them) should be based on individual adapta-
tion of task constraints in order to attenuate the stroke-
related effects of decrease in bimanual coupling strength
and/or increase in interlimb asymmetry.
Discussion
Coupling as a fundamental mechanism of bimanual
coordination
In the undamaged NMSS, the motion of the limbs can
be coordinated with seemingly unlimited temporal and
spatial relationships, in either discrete or cyclical move-
ments. Some of these patterns are spontaneously pro-
duced, while others require learning and intensive
practice to be performed skilfully. For instance, in rhyth-
mic movements, synchronized or alternated movements
of limb components have been indentified as sponta-
neous coordination patterns [33-35]. In addition, it has
been shown that spatial assimilation and synchroniza-
tion tendencies between the two limbs can be intention-
ally overcome to perform bimanual coordination tasks
with different (spatial and/or temporal) requirements
[36-39]. Thus, both spontaneous and intentional/learned
coordination patterns are the hallmark of the intact
NMSS. Conversely, disruption of spontaneous coordina-
tion patterns of the bimanual repertoire can be consid-
ered as a signature of stroke-induced impairments in
the NMSS.
During the last twenty years, theoretical foundations
for a basic understanding of coordination principles and
their neural basis have begun to emerge, thanks to the
convergent contributions of nonlinear dynamic systems
(e.g., [31,40]) and neural crosstalk (e.g., [30,41]) frame-
works. In particular, research on interlimb coordination
has shown that spontaneous coordination patterns
emerge as the result of neurally-mediated cross-talks
that occur at different levels of the central nervous sys-
tem (CNS) facing internal (proper to the system) and
external (environmental) constraints [31]. Mutual inter-
actions between limb motions are captured by the
abstract notion of coupling. Coupling may be thought as
an informational flow substantiated through various
substrates (neural, musculo-skeletal, spatial,... [42]), that
links limb components. As the result of coupling, kine-
matic features of each hand motion are found in the tra-
jectory of the other hand. For instance, when trying
simultaneously to tap the head with one hand while
rubbing the stomach with the other hand, each hand
movement is reciprocally attracted to the other so that
their trajectories become spatially and/or temporally
coupled. Neural processes that mediate interlimb inter-
actions can be accounted for by informational exchanges
at the different levels of the CNS, resulting in neural
crosstalk and finally, in kinematic coupling of limb tra-
jectories [19,41,43,44]. For instance, as a result of neural
crosstalk, activation of the muscles of one limb may
affect muscle activity in the contralateral limb and then
favour a specific and stable spatio-temporal relationship
between limb motions [35,45]. In addition, coupling
may be asymmetric, thereby leading to unequal influ-
ence of one limb to the other.
The most illustrative model system of this conceptual
framework has been the study of phase transitions in
bimanual, cyclical movement tasks [33-35]. In this
situation, two spontaneous patterns were identified, cor-
responding to 0° and 180° of relative phase and then
so-called “in-phase” and “anti-phase”, respectively [35].
In the case of limb motion in the horizontal plane, the
in-phase pattern involves symmetric motion of the
hands in opposite directions, due to the simultaneous
activation of homologous muscles, whereas the anti-
phase pattern involves motion in the same direction,
with simultaneous activity of antagonist muscles. The
analysis of between limb coordination through the use
of relative phase variability revealed different stability of
the two patterns: The in-phase pattern proved to be
more stable than the anti-phase pattern. Moreover, an
unavoidable switch (transition) occurred from the latter
to the former (i.e. a phase transition) when oscillation
frequency increases beyond a given critical threshold.
This behavioural picture of bimanual coordination has
been called “spontaneous coordination dynamics”
[31,33]. It depends essentially upon neural cooperation
that expresses, at the behavioural level, the results of
two competing forces within the CNS that would other-
wise remain invisible. On the one hand, a tendency for
limb components to adopt a specific, persisting beha-
viour (as a result of their intrinsic neuro-mechanical
properties e.g. eigenfrequency), and on the other hand, a
tendency for each limb component to be attracted
toward the other (by virtue of coupling). Finally, when
moving together in a bimanual task, limbs are con-
strained to operate as a single functional synergy, which
is the observable outcome of a continuous struggle
between maintenance and attraction within the NMSS.
One can easily figure out that if one or the two com-
peting forces is/are modified as the result of internal
(e.g., CVA lesion, mechanical factors), environmental
(e.g., metronome) and/or task (e.g., movement fre-
quency) constraints, both the bimanual repertoire and
the transient capacity of assembling a task-specific rela-
tionship between limbs will be affected. Numerous
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neuro-behavioural system. For instance, it has been sug-
gested that increase in movement frequency decreased
coupling strength, giving rise to loss of stability of the
actual pattern and, finally, to a switch toward a more
attractive phase relation (e.g., [33]). Conversely, atten-
tional focus has been shown to increase coupling
strength, thereby stabilizing the actual pattern and
delaying the occurrence of phase transition from anti-
phase to in-phase [46,47]. At the individual component
level, a change in natural movement frequency resulting
from a modification of neuro-mechanical properties of
one of the oscillating segment has been shown to create
a difference between the two components, which offset
the attraction toward perfect synchronization between
them (e.g., [31,48]). To our knowledge, this conceptual
framework has never been applied to stroke-related
impairments of bimanual coordination (but see [49] for
an introduction).
Coupling mechanisms and limitations of the CNS in
mastering interlimb coordination were also revealed in
discrete bimanual tasks (e.g., [39,50,51]). In this context,
spontaneous tendencies to spatio-temporel synchroniza-
tion of both limbs reflect what are the most easily
potentiated pathways and neural cross-talk in the ner-
vous system. For instance, when trying to draw a line
and a circle simultaneously, one with each hand, ampli-
tudes and directions tend to be similar so that the line
is attracted toward the circle (it becomes elliptic) and,
conversely, the circle is compressed and tend toward a
line. This so-called spatial assimilation reflects, at a
behavioural level, the effects of underlying neural cou-
pling mechanisms. Similarly, drawing orthogonal lines
in front of the body is more difficult than drawing par-
allels, thereby revealing underlying neural interference
giving rise to directional coupling (see [30] for an
overview).
For clinicians, a major implication of these findings is
that the observed coordination patterns provide a win-
dow into underlying coupling mechanisms in the NMSS.
Accordingly, stroke-induced alterations in bimanual
coordination must be assessed through impairments of
the relationship between limbs rather than through
changes in the kinematics of individual limb components
[18]. Evidence exists of CVA-induced impairment of
bimanual control but knowledge about the alterations of
neural coupling and how it can be influenced by task
constraints in stoke patients remain limited.
Limited knowledge is available about stroke-induced
alterations of bimanual coupling
Cyclic bimanual movement tasks
Since Mudie & Matyas’s seminal work [52,53], subse-
quent studies have explored inter-limb interactions in
stroke patients and the effectiveness of bilateral arm
training for rehabilitation of upper limb extremity (see
[18,54] for reviews). It has been shown that stroke
patients with severe lesions usually encounter great diffi-
culties to perform cyclic movements even at a relatively
low frequency [55]. Consequently, assessment of biman-
ual coordination dynamics is not practical with severely
impaired patients. Studies carried out with mild
impaired stroke patients showed that, as compared to
healthy adults, patients were less stable and less accurate
both in in-phase and in anti-phase coordination patterns
(e.g. [56-58]). In continuous temporally symmetric
movement Rice and Newell [58] showed that, in post-
stroke individuals, the non-paretic limb was constrained
to the slower paretic limb frequency and, consequently,
was unable to achieve its unimanual natural frequency.
Lewis and Byblow [56] examined interlimb temporal
and spatial coordination in a continuous circle-drawing
task in post-stroke hemiparetic individuals. Their results
showed that the paretic limb influenced the behaviour
of the non-paretic limb and no improvements in the
paretic one were elicited with the continuous bimanual
task. Ustinova et al. [59] investigated how the bilateral
coordination pattern was regained after external pertur-
bations of either the paretic and non-paretic limbs.
Results showed that the relaxation time toward the
initial anti-phase pattern was longer for stroke patients
than for control participants (2 cycles versus 1 cycle,
respectively). These findings suggested that coupling
strength was altered, though weakly, in mildly impaired
stroke patients.
Discrete bimanual movement tasks
Inconsistent results have been observed in the literature
w i t hr e s p e c tt oC V Ae f f e c t so nc o u p l i n gi nb i m a n u a l
discrete coordination tasks. Some studies did not find
kinematic signatures of coupling in either the paretic or
non-paretic limb kinematics during bimanual move-
ments (e.g., [60]). On the other hand, other experiments
succeeded in demonstrating the persistence of sym-
metric coupling after CVA. In a group of moderately
impaired patients, Harris-Love et al. [61] observed sym-
metric coupling interference on movement time (MT),
peak velocity (PV), and peak acceleration (PA) of both
arm trajectories, as well as on symmetry ratios for each
variable (i.e. the value of the paretic arm divided by
non-paretic one). Messier et al. [62] reported a similar
pattern for elbow joint motion during simultaneous par-
allel bilateral movements. These results indicated the
persistence of a symmetric coupling as usually observed
in healthy participants. Finally, several studies showed
an increase in asymmetric coupling after CVA. For
instance, Dickstein et al. [63], investigating unilateral
and bilateral arm movements resulting from elbow-joint
mobilization, reported a prolonged movement time for
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compared to the unilateral condition. Temporal asym-
metrical coupling, in which the paretic limb slowed the
non-paretic one, has also been reported in other studies
[55,56,61,62,64,65]. On the other hand, Cunningham
et al. [66] showed some facilitation of the paretic limb
that is a smoother elbow extension velocity profile
during bimanual movements.
Thus, though a number of studies confirmed that
bimanual movements are disrupted in stroke patients,
the above reviewed literature showed inconsistent
results with respect to the stroke-induced alterations of
bimanual coupling. A possible explanation is that in the
different studies, bilateral movement tasks were pro-
posed quite independently of the severity of CVA lesion
and, consequently, might have sometimes hidden beha-
vioural expression of interlimb coupling. This hypothesis
is grounded on the theoretical premise that bimanual
coordination in stroke results from the struggle between
two competing forces: mutual attraction between limbs
(depending on the strength of neural coupling) and
symmetry-breaking (resulting from difference in neuro-
mechanical properties of the limbs), which are both
affected by CVA lesion. However, the balance of these
two competing forces can also be modulated by task
constraints.
Bimanual coordination in stroke as an expression of the
balance between coupling strength and symmetry-
breaking between limbs
An attractive hypothesis concerning bimanual coordina-
tion stroke patients is that CVA lesion modifies both
the coupling scheme within the neuro-behavioral system
and the neuro-mechanical characteristics of individual
limb components (i.e., the paretic and non paretic
limbs). Evidence exists in the literature on the unda-
maged NMSS, that the balance between coupling
strength and differences in neuro-mechanical limb prop-
erties determines interlimb (de)synchronization in dis-
crete bimanual coordination tasks. The resulting
symmetry-breaking refers to the offset of spatial and
temporal synchronization of hand motions, A main
source of symmetry-breaking in bimanual coordination
tasks has been reported first by Kelso, Delcolle and
Schöner ([67]; but see also [68]). It lies in intrinsic dif-
ferences between limb properties, such as the difference
in movement times or natural frequency of each limbs,
and may lead to a variety of coordinative phenomena:
From moderate shifts in relative timing between limbs,
which perturbs the bimanual coordination and manifests
either by a (more or less large) shift in between-limbs
relationship or even by “relative coordination” in which
limb movements are no longer (or only transiently)
attracted to a stable coordination pattern.
Schöner [51] proposed a model to capture the syn-
chronization/de-synchronization tendencies observed in
discrete bimanual coordination in the undamaged
neuro-behavioral system (see [49] for details). In this
framework, relative timing between limbs expresses the
underlying coordinative activity of the CNS. Accord-
ingly, one predicts that depending on the magnitude of
neuro-mechanical differences between limbs, bimanual
coordination may (or not) be dominated by symmetry-
breaking and coupling may (or not) be strong enough to
lead to synchronization tendency. Thus, depending on
the importance of decrease in coupling strength relative
to the magnitude of difference between neuro-mechani-
cal limb properties, patterns characterized by sequential
initiation of discrete movements (i.e. initiation time, IT)
and/or differences in movement time (MT) will be
observed. This prediction accounted for experimental
(and supposedly clinical) conditions in which the two
limbs differed individually in their amplitude and/or
movement duration [39,50,69,70]. An elegant illustration
can be found in Kelso et al.’s study [39,50], where the
authors manipulated task difficulty in unimanual and
bimanual aiming tasks by varying both width and dis-
tance of the target. In unimanual conditions, as pre-
dicted by Fitts’s law [71,72], MT increased with the
index of difficulty (ID). In the bimanual conditions, task
difficulty was manipulated either symmetrically (i.e.
same ID for both hands) or asymmetrically (i.e. a differ-
ent ID for each hand). Results showed that, when con-
fronted to dissimilar movement task constraints, the fast
hand slowed down to move synchronously with the
slower hand, which was weakly affected by the faster
one. These results suggest that there is a strong ten-
dency for limbs to be synchronized even under condi-
tions of disparate difficulty. However, Marteniuk et al.
[69] and Corcos [70] also showed a tendency to a break-
down of synchronization when the intrinsic movement
times (reflecting task demands) become too dissimilar,
which means that coupling was not strong enough to
maintain a synchronized bimanual synergy. Riek et al.
[73] observed that increasing asymmetry between limbs
also increased sequential initiation of movements: The
hand performing the longer amplitude started before the
hand performing the shorter amplitude but the two
hands arrived on the target simultaneously.
This theoretical framework provides new insight to
assess stroke-induced alterations of bimanual coordina-
tion and might help to define principles of therapeutic
interventions dedicated to functional recovery of coordi-
nated behaviour. These hypotheses rest however on the
assumption that: 1) the NMSS becomes internally con-
strained in an asymmetrical manner by CVA lesions at
both the level of coupling and individual components
(e.g., spasticity), and that 2) a parallel can be drawn
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healthy people and stroke-related alterations of coupling
strength and limb properties. In the following section,
we discuss how the study of the interplay between cou-
pling and symmetry-breaking mechanisms could help
researchers and clinicians to better understand bimanual
coordination impairments in stroke patients and corre-
spondingly better individually adapt their interventions
in respect to the patient characteristics.
Join protocols to study symmetry-breaking of bimanual
coordination in the undamaged and in CVA-lesioned
neuro-behavioral systems
Our main assumption is that, in a bilateral coordination
task, shifts in relative timing between limbs express the
results of counteracting effects of attraction and symme-
try-breaking factors. These factors may originate in
stroke-induced weakness of neural coupling between
limbs and/or in difference in neuro-muscular stiffness
between the paretic and non-paretic limbs (e.g., spasti-
city), respectively. Their effects on bimanual coordina-
tion can be experimentally investigated in both healthy
and stroke patients. In this aim, a possible experimental
strategy consists of the comparison of the observed
behaviours of both populations in similar experimental
paradigms and tasks conditions, though adapted to base-
line characteristics of stroke patients. Kelso et al.’s
experimental paradigm [39] might be a valuable a model
system in this respect.
By using bimanual Fitts’s task paradigm, temporal asym-
metry between limbs can progressively scaled by changing
either biomechanical (loading, muscular co-contraction)
or tasks/informational constraints (e.g., Fitts’s ID) applied
to each limbs. Neural coupling can also be modulated by
changing attentional focus directed to the task [47] or to a
limb [74], or even by removing vision. According to loss of
coupling and symmetry-breaking predictions, when
increasing asymmetry between limbs, one should observe
a progressive de-synchronization of IT and/or MT and
finally, when temporal asymmetry between limbs goes
beyond a critical threshold, an abrupt transition from syn-
chronized movements to a desynchronized pattern. In the
undamaged neuro-behavioral system, transitions should
be preceded by an increase in variability of the difference
in movement times between limbs. One also predict that,
for a given magnitude of temporal asymmetry between
limbs, if coupling strength is increased, one should
observe: (a) a better synchronization for larger interlimb
temporal asymmetries, and (b) a higher stability of syn-
chronized patterns and less tra n s i t i o nf o rh i g h e rm a g n i -
tude of temporal asymmetry between limbs. These
predictions are in large part deduced from disparate
experimental facts (e.g., [39,50,69,73,75]), but to our
knowledge they have never been tested systematically.
In doing so, one could establish a reference frame for
further analyzing bimanual asymmetries resulting from
CVA lesions. Indeed, an important question is whether
and in what conditions comparable behaviours will be
observed in stroke patients and healthy people with
respect to the effects of asymmetry between limbs, be it
caused by mechanical, informational or attentional factors.
Following the same logic in stroke patients, bimanual
asymmetry could be attenuated by manipulating move-
ment time of the non-paretic arm, while keeping constant
the difficulty of the task for the paretic arm. By doing so,
one makes bilateral movements more symmetric, thereby
increasing the effect of neural coupling and improving
synchronization. Participants could also be instructed to
focus their attention on the bimanual task or to the paretic
limb to increase bimanual coupling and then to facilitate
synchronization. Thus, one could determine whether
(more or less severely impaired) stroke patients perform
more synchronized bimanual patterns when asymmetry
between limbs is attenuated by specific manipulations of
constraints on either the non-paretic (e.g. progressive
loading, manipulation of ID) or the paretic arm (focus of
attention, reduction of spasticity). Moreover, it can be
anticipated that transient loss of coordination between
limbs, characterized by a complete independence of each
limb at a given level of dissimilarity between limbs (i.e.,
relative coordination), could be more frequently observed
in stroke patients. In this respect, the effects of reducing
spasticity of the paretic limb on bimanual coordination
will also be of particular interest to distinguish the respec-
tive effects of neuromuscular factors and neural coupling
on the occurrence of relative coordination. For instance, a
crucial question is whether entrainment and synchroniza-
tion can be gained or whether de-synchronization can be
delayed after reducing limb spasticity. Finally, one can
hypothesize that, on the basis of this experimental para-
digm, it could be possible to determine whether beha-
vioural expressions of asymmetries and relative
coordination caused by CVA lesions depend on the loca-
tion in the dominant/non dominant hemisphere of the
lesion, the age of the patient, the constraints of the task,
etc.... To our knowledge, these predictions have never
been empirically tested for discrete movement tasks in
both healthy and stroke participants.
In addition to research studies, further application of
the above “loss of coupling” and “symmetry-breaking”
hypotheses to stroke rehabilitation could also be envi-
saged by introducing a patient-specific constraint-
adapted BMT.
Implications of coupling and symmetry-breaking for BMT
in stroke
Following the same aforementioned reasoning, in order
to facilitate the expression of neuro-behavioral coupling
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adapt bimanual protocols to patient baseline characteris-
tics. It can be done, in particular, by modulating task-
constraints to be applied to non-paretic limb during
bimanual rehabilitation. This recommendation is
grounded on the above-mentioned coordination princi-
ples established in the undamaged NMSS. It could be
however further explored in clinical studies on BMT.
As a preliminary consideration, it is necessary to clar-
ify what the notion of coupling means in the context of
bimanual rehabilitation. Commonly, since bilateral train-
ing is often used as a tool to help recover the paretic
limb control, the bimanual coupling is considered as
functional only when it permits to create a “positive”
entrainment effect that is, when temporal and/or spatial
features of the non-paretic arm trajectory interfere with
the paretic arm trajectory. In other words, a main
expectation in BMT is that the non-paretic limb would
“entrain” the impaired one thereby improving its perfor-
mance. As a result, in two-handed conditions, the pare-
tic limb movement is expected to be faster, more
accurate, and smoother then in one-handed ones. Not
surprisingly, such prediction has rarely been verified in
the experimental studies. From the theoretical point of
v i e w ,c o u p l i n ge x i s t sa sl o n ga st h e r ea r es p a t i a la n d
temporal interferences between the limbs no matter the
direction (i.e. from the paretic to the non-paretic and/or
from the non-paretic to the paretic). Actually, even an
asymmetric influence of the paretic limb toward the
non-paretic indicates the persistence of bimanual cou-
pling. Furthermore, results observed in both healthy
(e.g. [70,75]) and stroke participants [55,56,61,62,64,65]
rather suggest that a predominant asymmetric coupling
effect, from the slower (i.e. paretic) to the faster (i.e.
non paretic) limb, should be expected. Therapeutic
interventions should then wisely choose the appropriate
settings of bimanual training tasks in order to counter-
balance the neuro-mechanical asymmetries between
limbs thereby facilitate the expression of a more mutual
inter-limb entrainment and to optimize the recovery of
bimanual coordination by increasing coupling strength.
Presumably, both “abstract” training tasks (i.e.
BATRAC
®, [24]) and functional daily-living-inspired
tasks could be successfully used in BMT protocols as
long as the coupling and symmetry-breaking principles
are correctly taken into account. The cornerstone for
therapeutic interventions lies in the identification,
appropriate setting and adequate manipulation of differ-
ent external constraints (environmental and task-
related). This could be made, for instance, by: (a) adapt-
ing mean movement time, (b) reducing effective asym-
metry between limbs (e.g. by loading the arm, reducing
spasticity,...), (c) balancing asymmetry through manipu-
lating accuracy constraints, (d) changing attentional
conditions either by instructing participants to allocate
more attention to the paretic arm or by re-organizing
the starting point and targets locations (see [73,76]).
One can speculate that these modulations of external
constraints will improve plastic changes at the different
levels of the CNS. Therapists may expect to obtain both
short-term and delayed effects on coordinated behaviour
by conjugating: (a) scaling of control parameters of the
coordination pattern (e.g. movement speed, physical
support,...), (b) augmented behavioural information (e.g.
instruction on movement goal, auditory or visual feed-
back, guiding metronome...) and (c) practicing single or
multiple coordination task across multiple training ses-
sions. Short-term effects would result from transient,
intentional forcing of bimanual synergy to adapt to task
constraints, while long-term effects would result from
stabilized CNS adaptations (brain plasticity) incurred by
repetitive practice in specific conditions.
To sum up, the important message for clinicians is
that, for a given coordination pattern, inappropriate
scaling of task constraints may preclude or, conversely,
facilitate the production of an adaptive coordinated
behaviour. In this respect, the attention of therapists
should be drawn on several important points: (a) asses-
sing the persistence of the basic repertoire of bimanual
movements may be considered as a preliminary step
indicating specific dysfunctions in the neuro-behavioral
system; (b) gains in bimanual coordination do not auto-
matically arise from progress of unimanual movements,
instead, they must be trained as specific synergies, not
as the sum of two single limbs; (c) restoring the default
mode of coupling may be indicative of an ongoing re-
learning process, which is of potential benefit for stroke
patients; and (d) bilateral training is beneficial for the
paretic limb only when bimanual coupling is unimpaired
and inter-limb asymmetry is small (surmountable or
partially compensated).
Summary
Even after a long rehabilitation period, stroke patients
continue to suffer from long-term impairments in their
daily living activities. If properly conducted BMT could
be an efficient approach to significantly reduce such
handicap and accelerate the recovery of the upper-limbs
function. In spite that bilateral therapy was classically
used as an additional approach to restore the paretic
limb control it should above all be looked at as predilec-
tion strategy to train bimanual behaviour. Since biman-
ual control deficits have scarcely been systematically
investigated in the context of stroke, many uncertainties
remain on the adequate prescription and the true value
of BMT. Clearly, researchers and clinicians should pay a
lot more interest to bimanual coordination assessment
and rehabilitation. In the quest for evidence and
Sleimen-Malkoun et al. BMC Neurology 2011, 11:11
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Page 7 of 9guidelines concerning the appropriate use and settings
of BMT protocols, “coupling” and “symmetry-breaking”
are very promising concepts to guide researchers (ran-
domized controlled research studies) and therapists
(individualized rehabilitation protocols). New directions
for research and intervention are put into debate in the
present paper. However, only the results of future
research and clinical studies will determine the evi-
dence-based recommendation for therapy. Finally, one
can argue that BMT might be a promising tool for
neuro-rehabilitation, under the reserve that both
researchers and clinicians develop specific approaches to
assess, restore and exploit bimanual coupling and sym-
metry breaking phenomena.
Author details
1UMR 6233 Institut des Sciences du Mouvement E.J. Marey, CNRS &
Université de la Méditerranée, 163 Avenue de Luminy, CP 910, 13288
Marseille, France.
2HIA Laveran, Service de Réhabilitation Fonctionnelle, 13
Boulevard Laveran, 13013 Marseille, France.
Authors’ contributions
RSM elaborated the general structure of the manuscript and drafted it. JJT
and LT critically revised the draft. EB supervises the research program. All
authors have read and approved the final version of the manuscript.
Authors’ information
RSM: She is physiotherapists and PhD student in the Institute of Movement
Science in Marseille. She has a long experience of classical upper-limb
rehabilitation strategies. Her PhD research program aims at exploring CVA-
induced alterations of coupling processes and neuro-mechanical properties
of paretic and non-paretic limbs by comparing healthy people and stroke
patients in both assessment and rehabilitation protocols.
JJT: He is full professor at the Institute of Movement Science at the
University of the Mediterranean. He is a well-recognized specialist of the
dynamical systems approach to bimanual coordination. During the last 10
years, he has published a number a paper exploring the role of the coalition
of various constraints (muscular, directional, attentional,...) on bimanual
coordination dynamics in the undamaged neuro-musuclo-skeletal system. In
particular, he published reference papers on attention and bimanual
coordination in the framework of the theory of dynamical systems (Monno
et al., 2000, Temprado et al., 1999; for a review Monno et al., 2002).
LT: He is medical doctor in physical medicine and rehabilitation. He is head
of the department of functional rehabilitation in Laveran hospital. He
supervises the rehabilitation protocol elaborated and tested by the authors
in a currently on-going research program on bimanual rehabilitation,
coupling and symmetry breaking.
EB: He is a specialist of movement biomechanics. He is the head director of
the Institute of Movement Sciences where the research program is
undertaken.
Competing interests
The authors declare that they have no competing interests.
Received: 11 November 2010 Accepted: 25 January 2011
Published: 25 January 2011
References
1. Frizzell JP: Acute stroke: pathophysiology, diagnosis, and treatment.
AACN Clin Issues 2005, 16(4):421-40, quiz 597-8.
2. Gerzeli S, Tarricone R, Zolo P, Colangelo I, Busca MR, Gandolfo C: The
economic burden of stroke in Italy. The EcLIPSE Study: Economic
Longitudinal Incidence-based Project for Stroke Evaluation. Neurol Sci
2005, 26(2):72-80.
3. Gowland C, deBruin H, Basmajian JV, Plews N, Burcea I: Agonist and
antagonist activity during voluntary upper-limb movement in patients
with stroke. Phys Ther 1992, 72(9):624-633.
4. Sommerfeld DK, Eek EUB, Svensson AK, Holmqvist LW, von Arbin MH:
Spasticity after stroke: its occurrence and association with motor
impairments and activity limitations. Stroke 2004, 35:134-139.
5. Kwakkel G, Kollen BJ, van der Grond J, Prevo AJH: Probability of regaining
dexterity in the flaccid upper limb: impact of severity of paresis and
time since onset in acute stroke. Stroke 2003, 34(9):2181-2186.
6. Verbunt JA, Seelen HAM, Ramos FP, Michielsen BHM, Wetzelaer WL,
Moennekens M: Mental practice-based rehabilitation training to improve
arm function and daily activity performance in stroke patients: a
randomized clinical trial. BMC Neurol 2008, 8:7.
7. Given JD, Dewald JP, Rymer WZ: Joint dependent passive stiffness in
paretic and contralateral limbs of spastic patients with hemiparetic
stroke. J Neurol Neurosurg Psychiatry 1995, 59(3):271-279.
8. Schmit BD, Dhaher Y, Dewald JP, Rymer WZ: Reflex torque response to
movement of the spastic elbow: theoretical analyses and implications
for quantification of spasticity. Ann Biomed Eng 1999, 27(6):815-829.
9. Beer RF, Dewald JP, Rymer WZ: Deficits in the coordination of multijoint
arm movements in patients with hemiparesis: evidence for disturbed
control of limb dynamics. Exp Brain Res 2000, 131(3):305-319.
10. Krebs HI, Aisen ML, Volpe BT, Hogan N: Quantization of continuous arm
movements in humans with brain injury. Proc Natl Acad Sci USA 1999,
96(8):4645-4649.
11. Rohrer B, Fasoli S, Krebs HI, Hughes R, Volpe B, Frontera WR, Stein J,
Hogan N: Movement smoothness changes during stroke recovery.
J Neurosci 2002, 22(18):8297-8304.
12. Kamper DG, McKenna-Cole AN, Kahn LE, Reinkensmeyer DJ: Alterations in
reaching after stroke and their relation to movement direction and
impairment severity. Arch Phys Med Rehabil 2002, 83(5):702-707.
13. Desrosiers J, Bourbonnais D, Bravo G, Roy PM, Guay M: Performance of the
‘unaffected’ upper extremity of elderly stroke patients. Stroke 1996,
27(9):1564-1570.
14. Sunderland A, Bowers MP, Sluman SM, Wilcock DJ, Ardron ME: Impaired
dexterity of the ipsilateral hand after stroke and the relationship to
cognitive deficit. Stroke 1999, 30(5):949-955.
15. Colebatch JG, Gandevia SC: The distribution of muscular weakness in
upper motor neuron lesions affecting the arm. Brain 1989, 112(Pt
3):749-763.
16. Ketcham CJ, Rodriguez TM, Zihlman KA: Targeted aiming movements are
compromised in nonaffected limb of persons with stroke. Neurorehabil
Neural Repair 2007, 21(5):388-397.
17. Kilbreath SL, Heard RC: Frequency of hand use in healthy older persons.
Aust J Physiother 2005, 51(2):119-122.
18. Waller SM, Whitall J: Bilateral arm training: why and who benefits?
NeuroRehabilitation 2008, 23:29-41.
19. Carson RG: Neural pathways mediating bilateral interactions between
the upper limbs. Brain Res Brain Res Rev 2005, 49(3):641-662.
20. Cincotta M, Ziemann U: Neurophysiology of unimanual motor control
and mirror movements. Clin Neurophysiol 2008, 119(4):744-762.
21. Gresham GE, Fitzpatrick TE, Wolf PA, McNamara PM, Kannel WB, Dawber TR:
Residual disability in survivors of stroke-the Framingham study. N Engl J
Med 1975, 293(19):954-956.
22. Whitall J, Waller SM, Silver KH, Macko RF: Repetitive bilateral arm training
with rhythmic auditory cueing improves motor function in chronic
hemiparetic stroke. Stroke 2000, 31(10):2390-2395.
23. Cauraugh JH, Lodha N, Naik SK, Summers JJ: Bilateral movement training
and stroke motor recovery progress: a structured review and meta-
analysis. Hum Mov Sci 2010, 29(5):853-870.
24. Luft AR, McCombe-Waller S, Whitall J, Forrester LW, Macko R, Sorkin JD,
Schulz JB, Goldberg AP, Hanley DF: Repetitive bilateral arm training and
motor cortex activation in chronic stroke: a randomized controlled trial.
JAMA 2004, 292(15):1853-1861.
25. Murase N, Duque J, Mazzocchio R, Cohen LG: Influence of
interhemispheric interactions on motor function in chronic stroke. Ann
Neurol 2004, 55(3):400-409.
26. Cauraugh JH, Summers JJ: Neural plasticity and bilateral movements:
A rehabilitation approach for chronic stroke. Prog Neurobiol 2005,
75(5):309-320.
Sleimen-Malkoun et al. BMC Neurology 2011, 11:11
http://www.biomedcentral.com/1471-2377/11/11
Page 8 of 927. Stinear CM, Barber PA, Coxon JP, Fleming MK, Byblow WD: Priming the
motor system enhances the effects of upper limb therapy in chronic
stroke. Brain 2008, 131(Pt 5):1381-1390.
28. Debaere F, Wenderoth N, Sunaert S, Hecke PV, Swinnen SP: Changes in
brain activation during the acquisition of a new bimanual coodination
task. Neuropsychologia 2004, 42(7):855-867.
29. Hummel FC, Cohen LG: Drivers of brain plasticity. Curr Opin Neurol 2005,
18(6):667-674.
30. Swinnen SP: Intermanual coordination: from behavioural principles to
neural-network interactions. Nat Rev Neurosci 2002, 3(5):348-359.
31. Kelso J: Dynamic patterns: The self-organization of brain and behavior
Cambridge, MA:MIT Press; 1995.
32. Temprado JJ, Swinnen SP, Carson RG, Tourment A, Laurent M: Interaction
of directional, neuromuscular and egocentric constraints on the stability
of preferred bimanual coordination patterns. Hum Mov Sci 2003,
22(3):339-363.
33. Haken H, Kelso JA, Bunz H: A theoretical model of phase transitions in
human hand movements. Biol Cybern 1985, 51(5):347-356.
34. Kelso JA, Holt KG, Rubin P, Kugler PN: Patterns of human interlimb
coordination emerge from the properties of non-linear, limit cycle
oscillatory processes: theory and data. J Mot Behav 1981, 13(4):226-261.
35. Kelso JA: Phase transitions and critical behavior in human bimanual
coordination. Am J Physiol 1984, 246(6 Pt 2):R1000-R1004.
36. Rinkenauer G, Ulrich R, Wing AM: Brief bimanual force pulses: correlations
between the hands in force and time. J Exp Psychol Hum Percept Perform
2001, 27(6):1485-1497.
37. Yamanishi J, Kawato M, Suzuki R: Two coupled oscillators as a model for
the coordinated finger tapping by both hands. Biol Cybern 1980,
37(4):219-225.
38. Franz EA: Spatial coupling in the coordination of complex actions. QJ
Exp Psychol A 1997, 50(3):684-704.
39. Kelso J, Southard D, Goodman D: On the coordination of two-handed
movements. J Exp Psychol Hum Percept Perform 1979, 5(2):229-38.
40. Kelso JAS: Synergies: atoms of brain and behavior. Adv Exp Med Biol 2009,
629:83-91.
41. de Oliveira SC: The neuronal basis of bimanual coordination: recent
neurophysiological evidence and functional models. Acta Psychol (Amst)
2002, 110(2-3):139-159.
42. Bingham GP, Schmidt RC, Turvey MT, Rosenblum LD: Task dynamics and
resource dynamics in the assembly of a coordinated rhythmic activity.
J Exp Psychol Hum Percept Perform 1991, 17(2):359-381.
43. Banerjee A, Jirsa VK: How do neural connectivity and time delays
influence bimanual coordination? Biol Cybern 2007, 96(2):265-278.
44. Carson RG, Kelso JAS: Governing coordination: behavioural principles and
neural correlates. Exp Brain Res 2004, 154(3):267-274.
45. Cattaert D, Semjen A, Summers JJ: Simulating a neural cross-talk model
for between-hand interference during bimanual circle drawing. Biol
Cybern 1999, 81(4):343-358.
46. Monno A, Chardenon A, Temprado JJ, Zanone PG, Laurent M: Effects of
attention on phase transitions between bimanual coordination patterns:
a behavioral and cost analysis in humans. Neurosci Lett 2000, 283(2):93-96.
47. Temprado JJ, Zanone P, Monno A, Laurent M: Attentional load associated
with performing and stabilizing preferred bimanual patterns. Journal of
Experimental Psychology: Human Perception and Performance 1999,
25:1579-1594.
48. Kugler P, Turvey M: Information, natural law and the self-assembly of
rhythmic movement Hillsdale, N.J.: Erlbaum; 1987.
49. Sleimen-Malkoun R, Temprado JJ, Jirsa VK, Berton E: New directions offered
by the dynamical systems approach to bimanual coordination for
therapeutic intervention and research in stroke. Nonlinear Dynamics
Psychol Life Sci 2010, 14(4):435-462.
50. Kelso JA, Putnam CA, Goodman D: On the space-time structure of human
interlimb co-ordination. Q J Exp Psychol A 1983, 35(Pt 2):347-375.
51. Schöner G: A dynamic theory of coordination of discrete movement. Biol
Cybern 1990, 63(4):257-270.
52. Mudie MH, Matyas TA: Upper Extremity Retraining Following Stroke:
Effects of Bilateral Practice. Neurorehabilitation Neural Repair 1996,
10:167-184.
53. Mudie MH, Matyas TA: Can simultaneous bilateral movement involve the
undamaged hemisphere in reconstruction of neural networks damaged
by stroke? Disabil Rehabil 2000, 22(1-2):23-37.
54. Stoykov ME, Corcos DM: A review of bilateral training for upper extremity
hemiparesis. Occup Ther Int 2009, 16(3-4):190-203.
55. Garry MI, van Steenis RE, Summers JJ: Interlimb coordination following
stroke. Hum Mov Sci 2005, 24(5-6):849-864.
56. Lewis GN, Byblow WD: Bimanual coordination dynamics in poststroke
hemiparetics. J Mot Behav 2004, 36(2):174-188.
57. Waller SM, Whitall J: Fine motor control in adults with and without
chronic hemiparesis: baseline comparison to nondisabled adults and
effects of bilateral arm training. Arch Phys Med Rehabil 2004,
85(7):1076-1083.
58. Rice MS, Newell KM: Upper-extremity interlimb coupling in persons with
left hemiplegia due to stroke. Arch Phys Med Rehabil 2004, 85(4):629-634.
59. Ustinova KI, Fung J, Levin MF: Disruption of bilateral temporal
coordination during arm swinging in patients with hemiparesis. Exp
Brain Res 2006, 169(2):194-207.
60. Platz T, Bock S, Prass K: Reduced skilfulness of arm motor behaviour
among motor stroke patients with good clinical recovery: does it
indicate reduced automaticity? Can it be improved by unilateral or
bilateral training? A kinematic motion analysis study. Neuropsychologia
2001, 39(7):687-698.
61. Harris-Love ML, Waller SM, Whitall J: Exploiting interlimb coupling to
improve paretic arm reaching performance in people with chronic
stroke. Arch Phys Med Rehabil 2005, 86(11):2131-2137.
62. Messier S, Bourbonnais D, Desrosiers J, Roy Y: Kinematic analysis of upper
limbs and trunk movement during bilateral movement after stroke. Arch
Phys Med Rehabil 2006, 87(11):1463-1470.
63. Dickstein R, Hocherman S, Amdor G, Pillar T: Reaction and movement
times in patients with hemiparesis for unilateral and bilateral elbow
flexion. Phys Ther 1993, 73(6):374-80, discussion 381-5.
64. Rose DK, Winstein CJ: Bimanual training after stroke: are two hands
better than one? Top Stroke Rehabil 2004, 11(4):20-30.
65. Rose DK, Winstein CJ: The co-ordination of bimanual rapid aiming
movements following stroke. Clin Rehabil 2005, 19(4):452-462.
66. Cunningham CL, Stoykov MEP, Walter CB: Bilateral facilitation of motor
control in chronic hemiplegia. Acta Psychol (Amst) 2002, 110(2-3):321-337.
67. Kelso J, Delcolle J, Schöner G: Action-perception as a pattern formation
process. In Attention and performance XIII. Edited by: Jeannerod M. Hillsdale;
1990:139-169, chap. 5.
68. Fuchs A, Kelso JA: A theoretical note on models of interlimb
coordination. J Exp Psychol Hum Percept Perform 1994, 20(5):1088-1097.
69. Marteniuk R, MacKenzie C, Baba D: Bimanual movement control:
information processing and interaction effects. The Quarterly journal of
experimental psychology 1984, 36A:335-365.
70. Corcos DM: Two-Handed Movement Control. Research Quarterly for Exercise
and Sport 1984, 55(2):117-122.
71. Fitts PM: The information capacity of the human motor system in
controlling the amplitude of movement. J Exp Psychol 1954, 47(6):381-391.
72. Fitts PM, Peterson JR: Information capacity of discrete motor responses.
J Exp Psychol 1964, 67:103-112.
73. Riek S, Tresilian JR, Mon-Williams M, Coppard VL, Carson RG: Bimanual
aiming and overt attention: one law for two hands. Exp Brain Res 2003,
153:59-75.
74. de Poel HJ, Peper CLE, Beek PJ: Laterally focused attention modulates
asymmetric coupling in rhythmic interlimb coordination. Psychol Res
2008, 72(2):123-137.
75. Fowler B, Duck T, Mosher M, Mathieson B: The coordination of bimanual
aiming movements: evidence for progressive desynchronization. Q J Exp
Psychol A 1991, 43(2):205-221.
76. Sherwood DE: Distance and location assimilation effects in rapid
bimanual movement. Res Q Exerc Sport 1991, 62(3):302-308.
Pre-publication history
The pre-publication history for this paper can be accessed here:
http://www.biomedcentral.com/1471-2377/11/11/prepub
doi:10.1186/1471-2377-11-11
Cite this article as: Sleimen-Malkoun et al.: Bimanual training in stroke:
How do coupling and symmetry-breaking matter? BMC Neurology 2011
11:11.
Sleimen-Malkoun et al. BMC Neurology 2011, 11:11
http://www.biomedcentral.com/1471-2377/11/11
Page 9 of 9